In order to investigate the applicability of dynamic stiffness for bridge cap-pile system, a laboratory test was performed. A numerical model was also built for this type of system. The impact load was applied on the cap top and the dynamic stiffness was analysed. Then, the effect of the effective friction area between pile and soil was also considered. Finally, the dynamic stiffness relationship between the single pile and the cap-pile system was also compared. The results show that the dynamic stiffness is a sensitive index and can well reflect the static characteristics of the pile at the elastic stage. There is a significant positive correlation between the vertical dynamic stiffness index and bearing capacity of the cap-pile system in the similar formation environment.
Introduction
The pile foundation is an important component to bear the upper structures, whose working condition directly affects the safety of the upper buildings or bridges. For existing bridges in service, it is very important to evaluate the capacity of railway bridge piles, especially when the train axial load or train speed needs to increase. Two different types of capacity are needed to distinguish: one is ultimate bearing capacity which is usually controlled by the pile strength and the other is service capacity which is usually controlled by the pile settlement. For most friction piles designed as railway bridge foundations, the service capacity is paid more attentions and is determined by the maximum settlement of the pile head [1] . Static load test (SLT) is a reliable method to evaluate bearing capacity of pile foundations [2] ; nevertheless, SLT cannot be employed for testing existing bridge piles in service. Then, the dynamic measurement is a good choice to estimate the service capacity. The transient response method (TRM), also known as the mechanical mobility method, is a dynamic loading method for the pile inspection. It was proposed in the 1970s by Davis and Dumm [3] . The application of TRM in pile foundation test has been carried out by many researches. Rausche et al. [4] compared the pulse echo and TRM and recommended the analyses should be made in both the frequency and time domains. Tham et al. [5] analysed the transient response of single pile under vertical load in layered soil by using the quasilinear time domain boundary element method. By using dynamic test, both low-strain and highstrain testing have been widely used in the pile nondestructive examination [6] [7] [8] [9] . The pile dynamic response under vertical loads was also analysed by using various dynamic interaction models [10] [11] [12] [13] .
TRM analyses both the velocity and force signals in the frequency domain. The velocity spectrum is divided by the force spectrum to determine the mobility or mechanical admittance spectrum [14] , which helps provide more information than the traditional pulse echo method to identify defects near the top of the pile [15] . Some key information from the graph, such as the peak/mean mobility ratio, mobility, and damping, is widely used to evaluate the pile integrity and pile length [16] [17] [18] [19] . Another important parameter from mobility spectrum is the dynamic stiffness. It is defined as the slope of the low frequency linear portion of the spectrum from the origin to the first peak. The dynamic stiffness can be calculated by
2 Shock and Vibration where ( ) and ( ) are the velocity and force signals in the frequency domain. The value of is sensitive to the stiffness of the pile shaft under compression. When the frequency approaches to 0 ( → 0), the value of the dynamic stiffness approaches to the static stiffness ( → ). In practice, however, the frequency of the dynamic impulse cannot be 0 Hz. Therefore, a coefficient is introduced here to describe the ratio between the dynamic and static stiffness: = / . Then, the pile allowable bearing capacity can be estimated by
where is a guideline value of the pile settlement. The coefficient is a bridge between the dynamic test and static capacity estimation; however, it is an empirical value rather than a theoretical one. This capacity estimation method was proposed in China in 1980s [20] and used for pile capacity evaluation [21] . Liu and Ma [22] analysed the parameter sensitivity on single pile and found that a reasonable dynamic stiffness can be used as an alert value for pile capacity. Ma et al. [23] measured the dynamic stiffness for 680 bridge piles and found that an obvious positive correlation exits between the dynamic stiffness and bearing capacity of intact piles. Nevertheless, the existing researches did not consider the influences of pile cap or platform on dynamic stiffness. For a railway bridge with a cap-pile foundation, it was not clear whether the capacity estimation method can still be employed as the existence of the pile cap. Accordingly, in this paper, a laboratory test was performed to learn the dynamic stiffness of the cap-pile system. Then a numerical model was also built for this type of system.
Laboratory Test
In order to analyse the relationship between dynamic stiffness and capacity of cap-pile system, a laboratory test was designed. As we mainly care about the basic principle and characteristic of dynamic stiffness, the similarity theory was not considered here. The cap-pile model was made of plaster, and it was then embedded in a sand box. For each foundation, there were four piles under the cap. All the piles were designed as friction piles considering the pile-soil interaction. The length of pile was 0.7 m with a diameter of 0.075 m. The schematic diagram of the model was shown in Figure 1 .
The dynamic stiffness test was based on the impulse transient response method. The hand hammer was used to impact the cap top. Then, the responses were obtained by the acceleration sensors installed on the top of the cap, and the force curve is obtained by force sensors installed on the hand hammer. The velocity responses can be calculated by integration. The dynamic stiffness can be obtained by (1) . In order to ease the wave reflection on the steel plate of the sand box, five polystyrene foam cushions with a thickness of 0.02 m were installed on the bottom and four sides of the sand box ( Figure 2 ).
For friction piles, the pile capacity is strongly dependent on the effective friction area around the piles. Therefore, in this test, the effective friction area between piles and soil was designed to decrease in order to model the reduction of capacity. Then, the relation between dynamic stiffness and effective friction area was analysed.
Suppose the initial embedded depth of piles was , designed as = 70 cm, and the embedded depth decreased by = 10 cm each time. In Figure 3 , it can be found that, with the decrease of the embedded depth of the pile foundation, the value of was gradually reduced, and accordingly the bearing capacity of the system was also decreased. The dynamic stiffness as a function of frequency was shown in Figure 4 .
It can be found that, with the decrease of , dynamic stiffness decreases in all frequencies below 50 Hz. In Figure 5 (a), it can clearly show that decrease with at four different frequencies to be analysed: 5 Hz, 10 Hz, 15 Hz, and 20 Hz. The normalized dynamic stiffness by = 70 cm or = 6597 cm 2 was shown in Figure 5 (b). At these frequencies, the general attenuation gradients of were similar overall but were different for each . The normalized dynamic stiffness decayed largest with the value of 35% when the first layer of sand was relieved. When the subsequent soil layers were relieved, the normalized dynamic stiffness decayed gradually with the value of less than 10%. That was the dynamic stiffness largely affected by the top soil. 
Numerical Analysis

Finite Element Model.
In this section, a 3D dynamic finite element (FE) model of cap-pile-soil was established for a bridge foundation (Figure 6 ). The dimensions of the piles and cap in the calculation are from a tram bridge. There were also four friction piles under the cap, the same as the model in the laboratory test. The length and the diameter of each pile were 15.5 m and 1.5 m, respectively. The dimension of the cap was 6 m × 6 m × 2 m. The centre distance between the four piles along the long side of cap was 3.5 m. The concrete strength class was C25, whose modulus was 2.5 × 10 10 Pa, the Poisson's ratio 0.16, and the bulk density 2300 kg/m 3 . According to the geological investigation report, the soil was simplified as five layers, and the detail parameters were listed in Table 1, where was the depth of the soil layer, the density, the cohesion, the internal friction angle, and the S-wave and P-wave velocity and V the Poisson's ratio.
The impact load was applied at the centre of the cap and the response at the cap 0.5 m away from the cap centre was analysed. The time history and Fourier spectrum of the dynamic load were shown in Figure 7 . The Rayleigh damping assumption was employed. The damping matrix C is defined as a linear superposition of mass matrix M and stiffness matrix K with the coefficients 1 and 2 . The two coefficients can be only defined by the damping ratio of soils and the analysis frequencies.
To avoid the wave reflection at the model boundaries, the artificial viscoelastic boundaries were applied, which were widely used together with FEM [24, 25] . Then, the surface springs were created at four side boundaries and the bottom boundary of the soil layers. The relationship between the spring stiffness and the elastic modulus can be estimated by an empirical formula: 
where is the elastic modulus; V and ℎ are the crosssectional area in the normal and tangential directions at the boundaries.
Effect of Effective Friction Area.
As the capacity of friction piles was strongly related to the effective friction area around the piles. Similar to Section 2, here in the FE model by changing the thickness of the soil around the pile foundation, the effective friction area was changed. Suppose that the initial embedded depth of piles was , designed as = 15 m, and the embedded depth decreased by = 2.5 m each time (Figure 8 ). Figure 9 shows the velocity admittance of the cap response. It can be found that, with the decrease of the effective friction area, the first natural frequency was also decreased. In the low frequency of the admittance curve, the linear regression analysis was carried out (Figure 10 ). It can be found that when the embedded depth of pile foundation was 15 m, the slope of the linear fitting curve for the low frequency can be determined to be = 6.671 × 10 −10 N/m. Then, the dynamic stiffness of the centre measuring point at the top of the cap can be calculated as = 9.419 × 10 9 N/m. In Figure 11 , it can be clearly observed that the normalized dynamic stiffness by = 15 m decayed with the effective friction area. The simulation result was similar to the test result in Section 2.
Comparison of Single Pile and Cap-Pile System.
To analyse the dynamic stiffness relationship between the single pile and the cap-pile system, four FE models were built (M1∼ M4) ( Figure 12 ). In M1, there was only single pile; in M2, a single pile with a small cap was built; in M3, two piles under the cap were considered; finally, in M4, a cap-pile system with four piles was built. The piles and cap dimensions were listed in Table 2 The impact load was applied at the centre of the cap (or pile in M1) and the responses on the cap head were analysed. The time history and Fourier spectrum of the dynamic load were shown in Figure 7 . The velocity admittance and dynamic stiffness curves of the four models were shown in Figure 13 . It can be found that, in the frequencies below 30 Hz, models M1 and M2 have similar values of dynamic stiffness. The existence of small cap induces the decrease of the value. Model M4 has the largest dynamic stiffness, which is about four times as large as M1 and M2 between 10 and 20 Hz. Model M3 has the second largest dynamic stiffness, which is about twice as large as M1 and M2.
Conclusion
In order to analyse the dynamic stiffness of cap-pile system, both a laboratory test and numerical simulation were performed in this paper. The results show that the dynamic stiffness obtained from the pile mobility curve is a sensitive index and can well reflect the static characteristics of the pile at the elastic stage. In addition, there is a significant positive correlation between the vertical dynamic stiffness index and bearing capacity of the cap-pile system in the similar formation environment. Finally, for the cap-pile system with four piles, the dynamic stiffness is about four times as large as the single pile between 10 and 20 Hz.
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